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Optical polarization in ordered GaInP2 alloys has been studied by low-temperature
photoluminescence. A perturbative theory that includes the effects of lattice mismatch, substrate
misorientation, and excitonic transitions has been developed for making quantitative comparisons
between experimental results and theoretical predictions. We show that to obtain quantitative
information about ordering from the polarization of near-band-gap transitions, all of the
above-mentioned effects should be taken into account. This study demonstrates that the electronic
and optical properties of a monolayer superlattice formed by partial ordering in the GaInP2 alloy can
be well described by a simple perturbative Hamiltonian, i.e., a quasicubic model. ©1997
American Institute of Physics.@S0021-8979~97!06209-9#
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I. INTRODUCTION

It is well established that many zinc-blende semicond
tors show spontaneous long-range ordering~LRO! when
grown under certain conditions.1 Various types of LRO are
possible: CuPt, CuAu, and chalcopyrite. The perfectly
dered phases of these structures are one- or two-mono
superlattices, with ordering along the@111#, @001#, or @201#
crystallographic directions, respectively. Band-gap red
tions and valence-band splittings are the common feature
these ordered phases, as compared with the disordered p
Nevertheless, each of the ordered phases shows dis
physical properties because of their differences in cry
symmetry. Although there are many sophisticated meth
available for analyzing crystal symmetry, a measuremen
optical polarization combined with some theoretical cons
erations is a relatively simple way of accomplishing this. F
instance, a measurement of the polarization in the plane
pendicular to the growth direction@001# will show no anisot-
ropy for CuAu ordering, whereas it will show anisotropy f
CuPt ordering.2

On the other hand, the electronic structures of ve
short-period superlattices~containing only a few monolayer
per period! are expected to be very different from relative
large period superlattices. The latter are normally trea
with the so-called envelope function approximation,3 and it
is relatively easy to compare the theoretical results of
approximation with the experimental results. For the ve
short-period superlattices, because the theoretical met
are much more complex4 and furthermore, in reality, per
fectly ordered structures do not exist, a quantitative comp
son between the theoretical and experimental results is
trivial.5 To describe the electronic structure of a partia
ordered alloy in an easier way, a perturbative Hamiltoni

a!Electronic mail: yzhang@nrel.nrel.gov
b!Present address: 4. Physikalisches Institut, Universta¨t Stuttgart, 70550
Stuttgart, Germany.
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the so-called quasicubic model,6 has been employed.7 This
greatly simplified model uses only one parameter,
crystal-field splitting, to describe the effect of ordering o
the valence band. The valence-band splitting and band-
reduction in ordered GaInP2 have been investigated opticall
by using a series of samples with varying degree of order8 It
is found that the relative positions of the energy levels can
described very well by the quasicubic model.8

The dependence of optical polarization on the degree
order ~h!9 has been studied theoretically based on the q
sicubic model and band-to-band transitions atk 5 0.2 The
effects of strain due to lattice mismatch between epilayer
substrate have been considered as well.2 Experimentally,
optical anisotropy caused by CuPt ordering has b
observed in various spectroscopic studies of GaInP2 alloys:
photoluminescence~PL! and photoluminescence excitatio
~PLE!,10–12 piezomodulated reflectance,13 reflectance
difference,14 electroreflectance,15 photocurrent,16 and ellipo-
sometric measurement.17 Qualitatively, these studies have a
shown the change in crystal symmetry as a result of order
By applying the perturbative model of Ref. 7, the depe
dence of polarization on the degree of order has been use
obtain the parameterh ~Ref. 2! from the electroreflectance
data15 and to explain the dependence of reflectance diff
ence onh.14,18 However, there has not been an independ
check to the applicability of the perturbative model for d
scribing the optical polarization. The reason for that
largely due to the constraint of sample quality. Not un
recently, have high-quality ordered GaInP2 samples with sys-
tematically varying ordering parameter become availab8

By ‘‘high-quality,’’ we mean that in these samples wel
identified excitonic transitions have been observed in b
PL and PLE spectra.8

This work will focus on the optical polarization of CuP
ordered GaInP2 alloys. We~1! conduct a quantitative stud
on the polarization of PL as a function ofh, using a set of
high-quality samples;~2! study the effect of substrate mis
6365/9/$10.00 © 1997 American Institute of Physics
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orientation on the PL polarization by using samples gro
on differently tilted substrates; and~3! compare the experi
mental results with the perturbative model with the effects
strain, substrate misorientation, and excitonic transiti
taken into account. The last two effects, which influence
quantitative analysis of the polarization measurements
nificantly, have not been considered in previous studies.

In Sec. II, we briefly describe the growth conditions f
the samples used in this study and the experimental setu
the polarization measurement. In Sec. III, we present
experimental results. Section IV gives theoretical analy
and discussions for the effects of strain, substrate misor
tation, and excitonic transitions. Section V summarizes
work.

II. SAMPLES AND EXPERIMENTAL SETUP

A. Samples

The ordered GaxIn12xP samples were grown by low- o
atmospheric-pressure metal-organic vapor-phase epi
~MOVPE! on GaAs substrates with various misorientati
angles~ranging from 0° to 9°! toward a @111#B direction.
The disordered samples were grown by low-pressure~i.e., at
P 5 100 hPa!MOVPE on GaAs substrates 6° misoriented
ward @111#A. The details about sample growth are describ
elsewhere.12,19 To study the dependence of polarization
the degree of order, we carefully chose a set of samples
were grown on 6°-@111#B GaAs substrates and under prop
growth conditions so that large and uniform ordered doma
~typically 100 nm! or well-definedh are achieved.20 Infor-
mation about these samples and the disordered ones is g
in Table I. Samples used to study the dependence on
misorientation angle, listed in Table II, do not necessa
have large ordered domains; thus, the results for th
samples are quantitatively less accurate, and we only u
them qualitatively. In fact, optimized growth conditions ha
only been found for the 6° B-tilt substrate, not for other typ
of substrates. Thus, most of the samples in Table II were
grown at optimized conditions, so the quality is relative
poor. They may have either small or nonuniform order
domains.20

All samples are single variant, except for one sam
grown on a nontilted substrate. This sample contains
ordering variants with large domains (; 1mm).19The lattice

TABLE I. Samples used for studying the dependence of polarization on
degree of order~except for sample No. 5, all samples were grown under l
pressure!.

Sample
No. Substrate

Growth
temperature

~°C!
Growth rate

~mm/h!
V/III
ratio

Epilayer
thickness

~mm!
Eg

~eV!

1 6°→@111#A 810 2 240 2 2.003
2 6°→@111#A 840 2 240 2 1.999
3 6°→@111#B 750 2 240 2 1.945
4 6°→@111#B 720 2 240 2 1.908
5 6°→@111#B 670 5.5 60 10 1.891
6 6°→@111#B 690 2 240 2 1.878
7 6°→@111#B 660 0.5 240 2 1.871
6366 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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constants of the GaxIn12xP epilayers are nearly matched
that of GaAs at room temperature, but they have consid
able deviations at liquid helium temperature because of
difference in their thermal expansion coefficients. T
lattice-matched composition isx0 5 0.515 and 0.520 at room
temperature and liquid helium temperature, respectively.
actual compositions for the samples used in this study ar
the range of 0.50, x , 0.52, corresponding to a range of b
axialstrain0,u ebiaxialu , 0.15%.

B. Experimental setup

PL was excited by an argon ion laser~488 nm line!,
dispersed through a double grating monochrometer~Spex
1403!, and detected by a GaAs-cathode photomultiplier tu
~RCA C31034!. The sample was mounted on the cold fing
of a 10 K closed-cycle refrigerator. Assuming an untilt
substrate, the polarization of the emission normal to
sample surface was measured parallel to the@1̄10# and@110#
crystalline directions. The polarization analyzer is compos
of a linear polarizer and a half-wavelength retarder at 6
nm. The systematic error in determining the polarization
tio is within 1%–2% in the whole spectral range needed
this work.

III. EXPERIMENTAL RESULTS

A. Dependence of the polarization ratio on the degree
of order

In this work, the ordering direction is defined along th
@111# crystalline direction. The polarization ratio,R1 , is de-
fined as the intensity ratio of the PL peak polarized para
to the assumed@1̄10# and @110# directions on the sample
surface. These directions deviate from the true crystal
@1̄10# and @110# directions if the sample is grown on a mis
oriented substrate.

Figure 1~a! shows the PL spectra of a disordered sam
for two polarizations at 11 K. The weak polarization aniso
ropy can be understood as a result of residual ordering
Fig. 1~b!, the spectra for an ordered sample reveal a stron
polarization anisotropy for the two PL bands. The narro
band, seen only in the samples grown on substrates mis
ented 6° toward@111#B under suitable conditions, is from

eTABLE II. Samples used for studying the dependence of polarization on
substrate misorientation angle~except for samples in group 5, all sample
were grown under atmospheric pressure!.

Sample
group Substrate

Growth
temperature

~°C!
Growth rate

~mm/h! V/III ratio

Epilayer
thickness

~mm!

1 0°, 2°, 4°, and
6°→@111#B

670 5.5 60 10

2 2°, 4°, 6°, and
9°→@111#B

625 2 323 0.3

3 2°, 6°, and 9°→
@111#B

700 4.4 150 0.3

4 4° and 6°→
@111#B

670 5.5 60 1

5 6° and 10°→
@111#B

690 2 240 2
Zhang et al.
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intrinsic exciton recombination,12 the origin of the broad
band, referred to as the ‘‘moving peak,’’ is uncertain,
though it is expected to involve spatially indirect nonex
tonic recombination.21,22 We will refer to the former as the
high-energy peak and the latter as the low-energy peak.
polarization measurement indicates that the hole involve
the recombination associated with the moving peak or
nates in an ordered region and, thus, carries the signatu
the valence-band symmetry for CuPt ordering. Figure 2
summary of the polarization measurements for two dis
dered samples and a series of samples~all grown on 6°-
@111#B misoriented substrates! with different degrees of or-
dering and, therefore, different band-gap reductions. For
ordered samples, the polarization ratios are visually indep
dent of the degree of order. However, there is a noticea
difference between the high- and low-energy peaks. On
erage, the polarization ratios are about 1.9 for the hi
energy peak and 2.3 for the low-energy peak in the orde
samples. These numbers significantly deviate from the r
of 3 predicted by the model of band-to-band transitions fo
CuPt-ordered alloy without strain and substra
misorientation.2 In the next section, we will discuss how th
three effects can account for the deviations~Secs. IV B–D!,
and the possible reason for the difference between the
peaks~Secs. IV C and D!.

FIG. 1. Low-temperature photoluminescence of GaInP2 alloys in the@1̄10#
and @110# polarizations.~a! Disordered, and~b! ordered.
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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B. Dependence of the polarization ratio on the
misorientation angle

When a tilted substrate, whose surface normal misorie
from the@001# direction toward a specific direction, is use
the surface normal of the epilayer of an epitaxially grow
sample also tilts to the same direction as the substrate d
The surface normal of the epilayer can differ on a mic
scopic scale from the surface normal of the substrate, e.g
facets form during growth.19 While the microscopic tilt be-
tween the substrate and epilayer facet normals can be se
degrees or more, the macroscopic average epilayer sur
normal will be within a small fraction of a degree of th
substrate normal. A simple geometrical consideration de
onstrates this. For a macroscopically flat epilayer of aver
thicknessT grown on a substrate of lateral dimensionsL, the
maximum possible tilt between the epilayer and substr
normals is for the case where the epilayer is of zero thickn
on one end of the substrate, increasing over the lateral
tanceL to 2T at the other end. In this case, the epilayer a
surface normals differ byu0 5 arctan(2T/L), which is the up-
per limit on tilt between substrate and epilayer surface n
mals. For an epilayer of average thicknessT 5 10mm, grown
on anL 5 1 cm substrate, this limit is 0.1°, which is negl
gible for our purposes. In practice, the epilayer and subst
surface normals will be essentially identical, since adat
surface diffusion lengths limit the facet sizes to the order
microns rather than centimeters.

The effect of substrate misorientation is investigated
five groups of samples. Samples in each group were grow
the same conditions but on substrates with different mis
entation angles toward the@111#B direction. The experimen-
tal results for the low-energy peak are shown in Fig. 3, wh
the misorientation angle dependence predicted by theory~see
Sec. IV C! is shown for comparison. Indeed, the trend f
samples in each group agrees with the theory, although t
is scatter in the values from one group to the other. W
believe that scatter in the data are mainly due to relativ

FIG. 2. Polarization ratios as a function of the degree of order. Squares
circles are for the high- and low-energy peaks in Fig. 1, respectiv
Dashed lines are for the average of the experimental results. Solid line
the theoretical predictions of the band-to-band transition model.
6367Zhang et al.
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poor sample quality, as mentioned in the last section ab
sample growth. We will not make a further attempt to e
plain the scatter quantitatively, but will emphasize the eff
of the tilt angle as an important consideration for the 6° B-
samples whose optical polarization will be the focus of t
quantitative study.

IV. THEORETICAL ANALYSES AND DISCUSSIONS

A. Band-to-band transitions with CuPt ordering

For the band-edge states (k 5 0), ordering does no
change the symmetry of the conduction-band state, but
symmetry of the valence-band states is changed. Thus,
the valence band is responsible for the change in opt
transition intensities as we consider the band-to-band tra
tions atk 5 0. Assuming the ordering effect can be treat
perturbatively, the perturbative part of the Hamiltonian c
be written in the same form as for the@111# uniaxial
strain:23–25

hv52d@~LxLy1LyLx!1c.p.#, ~1!

whereL is the angular momentum operator, and c.p. deno
cyclic permutation with respect to the indicesx, y, andz.
d is a parameter that describes the strength of the rhom
hedral distortion~udu 5 DCF/3, DCF is the crystal-field-
splitting parameter!.1,2 Equation~1! is in fact equivalent to
the so-called quasicubic model.6 The total Hamiltonian for
the ordered alloy isHord 5 Hso1 hv , whereHso is the spin-
orbit interaction for the disordered alloy. The eigenvalues
Hord are given as:6,23–25

E152d, ~2!

E2,352
1

2
~Dso2d!6

1

2
@~Dso1d!218d2#1/2, ~3!

whereDso is the spin-orbit splitting of the disordered allo
E1 is associated with the heavy hole~HH!-like state, and
E2 andE3 are with the light hole~LH!-like and the spin-orbit
split-off states, respectively. The energy reference is
sumed to be at the top of the valence band without order
and positive energy is toward the conduction band. Sincd

FIG. 3. Polarization ratio as a function of substrate tilt angle for GaI2

alloys grown on@111#B tilted GaAs substrates.
6368 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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, 0 for CuPt ordering,1,2 the topmost valence-band state
the HH-like stateE1 , which is similar to the case of@111#
tensile strain. Note, that Eq.~1! is given in a cubic coordinate
system wherex, y, and z are along the@001#, @010#, and
@001# crystalline directions, respectively. Because in this c
ordinate system it is difficult to find the eigenstates of Eq.~1!
analytically, the transition matrix elements were calcula
numerically as a function of the degree of order in Ref. 2

Without the coexistence of biaxial strain, it is more co
venient to use a coordinate system for whichz8 is along the
@111# ordering direction,x8 andy8 are in the plane perpen
dicular to the ordering direction:x8 along the@112̄# andy8
along the@1̄10#. In this new coordinate system, Eq.~1! be-
comes

hv52d~3Lz8
2

2L2!. ~4!

In a basis $uJ,mz8&% 5 $u3/2, 2 3/2&,u3/2,3/2&,u3/2,
2 1/2&,u1/2,2 1/2&,u3/2,1/2&,u1/2,1/2&%, hv is block diagonal.
The HH-like states are purelyu3/2,6 3/2&, the LH-like states,
as well as the split-off states, are mixtures ofu3/2,2 1/2& and
u1/2, 2 1/2& or u3/2,1/2& and u1/2,1/2&. The eigenstates are
U1 5u 3/2,2 3/2& andU2 5u 3/2,3/2& for the HH-like states,
U3 5 a1 u3/2,2 1/2& 1 a2u1/2,2 1/2& andU4 5 a1u3/2,1/2&
1 a2u1/2,1/2& for the LH-like states,U5 5 b1u3/2, 2 1/2&
1 b2u1/2,2 1/2& andU6 5 b1u3/2,1/2& 1 b2u1/2,1/2& for the
split-off states, wherea1 5 (E3 1 d)/A(E31d)212d2, a2
5 2&d/A(E31d)212d2,b15 (E21d)/A(E21d)212d2,
andb2 5 2&d/A(E21d)212d2. The transition intensity,
which is proportional to the square of the transition mat
element, can be given analytically for each band-to-ba
transition~summed over the degenerate states!:

I 15e1
21e2

2 ~5!

for the transitions between the HH-like states and
conduction-band states~HH-CB!,

I 25
2a2

2

3
1

~a1
212&a1a2!

3
~e1

21e2
2!

1
4~a1

22&a1a2!

3
e3
2 ~6!

for the transitions between the LH-like states and
conduction-band states~LH–CB!, and

I 35
2b2

2

3
1

~b1
212&b1b2!

3
~e1

21e2
2!

1
4~b1

22&b1b2!

3
e3
2 ~7!

for the transitions between the split-off states and
conduction-band states~SO–CB!, wheree5 (e1 ,e2 ,e3) is a
unit vector in the direction of the polarization of the light
the (x8,y8,z8) coordinate system. Note thatI 1 1 I 2 1 I 3 5 2.
Another advantage of choosing the@111# direction as the
quantization axis is that the transition intensity for any st
and direction is a continuous function of the degree of ord
If the @001# direction was chosen as the quantization axis,
would have a discontinuous change in the transition inten
for certain polarization directions when the ordering pert
Zhang et al.
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bation was turned on and off. For instance, the transit
intensity of the HH–CB transition exchanges between
@111# and@001# directions because the preferred axis chan
from the @001# to @111# as the ordering is turned on.

As one can see, the HH–CB transition intensity,I 1 of
Eq. ~5!, is independent of the degree of order. The HH–C
transition can be understood as the radiation of a dip
along thez8 direction. It is then easy to get the polarizatio
ratio between the@1̄10# and @110# directions:@1̄10# is in the
x82y8plane, and@110# is out of the plane by an angleu
5 arccos(1/)); thusR1 5 I 1(@ 1̄10#)/I 1(@110#) 5 @cos(u)#22

5 3. Both the LH–CB and SO–CB transitions rather stron
depend on the degree of order. Figures 4~a! and 4~b! show
the three transition intensities and the related intensity ra
for the @110# and @1̄10# polarizations as functions ofudu
which reflects the degree of order.25 Note that in the disor-
dered limit, E1 and E2 are degenerate, and the combin
ratio is isotropic as expected.

Because the ratioR1 of the HH–CB transition is inde-
pendent of the degree of order, this property can be explo
to examine other possible mechanisms that may cause
discrepancy between experimental results and the theore
predictions. On the other hand, the polarization ratios for
LH–CB transition, R2 5 I 2(@ 1̄10#)/I 2(@110#), and the
SO–CB transition,R3 5 I 3(@ 1̄10#)/I 3(@110#), strongly de-

FIG. 4. Calculated transition intensities~a! and intensity ratios~b! using the
band-to-band transition model as a function of crystal-field splitting par
eterd for @110# and @1̄10# polarizations.
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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pend on the degree of order. In principle, such a depende
can be used to measure the degree of order, as in Re
where the polarization dependence of the LH–CB transit
is used to obtained the degree of order. Nevertheless, to
so, various corrections are necessary as will be discusse
the following subsections.

B. Strain effect due to lattice mismatch

The strain effect in ordered GaInP2 has been studied by
few groups.2,26,27 The strain Hamiltonian can be writte
as23,24

hs5av~exx1eyy1ezz!23bv@~Lx
22L2/3!exx1c.p.#, ~8!

in the cubic coordinate system, whereav and bv are the
hydrostatic and shear deformation potentials for the vale
band, respectively, ande i i are the diagonal componen
of the strain tensore 5 exx 5 eyy 5 (asub2 aepi)/asub, ezz
5 2(2C12/C11)e, whereasub and aepi are the lattice con-
stants of the substrate and the epilayer, respectively,
Ci j are the elastic constants. For a GaxIn12xP epilayer, when
x , x0(x . x0), the epilayer is subject to a biaxially compre
sive ~tensile! strain. In both cases, the strain effect tends
enhance the HH–LH splitting.2 The situation of biaxially

-

FIG. 5. Calculated transition intensities~a! and intensity ratios~b! using the
band-to-band transition model as a function of Ga composition betw
different polarizations, with the strain effect considered. Vertical line in
cates the lattice-matched composition.
6369Zhang et al.
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compressive strain frequently occurs when one intends
grow samples lattice matched to the GaAs substrate at r
temperature.

With the coexistence of CuPt ordering and biaxial stra
neither @001# nor @111# is a preferred quantization axis
Simple analytic solutions are impossible in this situation. W
calculate the transition intensities numerically in the sa
way as that in Ref. 2, where the matrix form of Eq.~8! is
taken from Ref. 28. The strain effect is shown in Figs. 5~a!
and 5~b! for the intensity and the intensity ratios, respe
tively, for the @110# and @1̄10# polarizations. Note that with
the coexistence of ordering and strain, the HH–CB transit
becomes dependent on the degree of order. A typical v
of d 5 215 meV (h 5 0.47), corresponding to a valenc
band splitting of 25 meV, has been assumed. The param
used in our calculation are listed in Table III.

One can see from Fig. 5~a! that for the HH–CB transi-

TABLE III. Parameters for GaxIn12xP alloys.

Eg52.884x11.424(12x)20.76x(12x) (eV)
Dso50.080x10.110(12x)10.035x(12x) (eV)
g154.05x15.05(12x)
g250.49x11.6(12x)
g351.25x11.73(12x)
Ep531.4x120.7(12x) (eV)
aepi55.4470x15.8658(12x) (Å)
aGaAs55.6480 (Å)
ac2av529.3x–6.6(12x) (eV)
bv521.4x–1.55(12x) (eV)
C115143.87x1106.9(12x) (GPa)
C12565.20x161.1(12x) (GPa)
r

6370 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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tion the biaxially compressive strain (x , x0) enhances the
transition intensities of the@1̄10# and @110# polarizations, as
has been pointed in Ref. 26. On the other hand, the biaxi
tensile strain (x . x0) has an opposite effect on these pola
ization directions. For the intensity ratios,R1 of the HH–CB
transition has a very weak strain dependence in the com
sition range 0.50, x, 0.52 (udR1 /R1u , 2%);however,R2

of the LH–CB transition shows a stronger strain depende
udR2 /R2u can be as large as 30% in the same composi
range, which corresponds to underestimatingh by 30% if
R2 is used to determine the degree of order without cons
ering the strain effect. For the intensity ratio of the HH–C
transition, shown in Fig. 2, the strain effect is insignifican

C. Effect of substrate misorientation

When the substrate is tilted toward one of the three
rections @111#A, @111#B, or ~110!AB ~a direction between
the other two!, by an angledu, the apparent@1̄10# and@110#
directions, denoted as the@ 1̄10#a and@110#a directions, with
respect to the sample surface may not be the true@1̄10# and
@110# crystalline directions. Thus, the measured polarizat
ratio cannot be compared directly with that shown in F
4~b!. For the @111#B tilted substrate, the@ 1̄10#a direction
coincides with the@1̄10# direction, but the@110#a direction
corresponds to the@cos(du),cos(du), 2 &sin(du)# direction.
In general, assuming the substrate is tilted by an angledu
toward a direction in thex-y plane with an azimuth anglew
from the x axis, the transformation between@x,y,z# and
@x1 ,y1 ,z1#B is given as
S xy
z
D 5S cos~du!cos2 w1sin2 w @cos~du!21#cosw sin w sin~du!cosw

@cos~du!21#cosw sin w cos~du!sin2 w1cos2 w sin~du!sin w

2sin~du!cosw 2sin~du!sin w cosdu
D S x1y1

z1
D . ~9!
a

-

es

s

Here w545°, 90°, and 135° correspond to a@111#B,
~110!AB, and @111#A tilted substrate, respectively.

For the HH–CB transition, the polarization ratioR1 be-
tween the@ 1̄10#a and@110#a directions can be calculated fo
the three tilted directions as follows:

R1
@111#A53S 12

1

3
sin2~du! D ~10!

for the @111#A misorientation;

R1
@111#B5

3

11& sin~2du!1sin2~du!
~11!

for the @111#B misorientation; and
R1
~110!AB5

21cos~du!2sin~du!1 1
2 sin~2du!

22cos~du!1sin~du!1 1
2 sin~2du!

~12!

for the ~110!AB misorientation. All three equations yield
limit value of 3 asdu→0.

The calculateddu dependence for the@111#B misorien-
tation is shown in Fig. 3. For a typical value ofdu 5 16°,
wehaveR1

@111#A 5 2.995,R1
@111#B5 2.30, andR1

(110)AB5 2.47.
Note that the sign ofdu is very meaningful. That experimen
tally observedR1

@111#B , 3 ordu . 0 allows us to unambigu-
ously identify along which of the two equivalent@111#B di-
rections is the ordering axis. In fact, this direction agre
with that obtained from the surface step ordering model.29 If
the ordering were along the other direction, that is,du , 0,
one would have observedR1

@111#B . 3 ~for instance, ifdu
5 26°, R1

@111#B 5 4.20!. The strongdu dependence come
Zhang et al.
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from the fact that in the plane that contains the@111# and
@110# directions the transition intensity varies rapidly fro
zero for the polarization along the@111# (z8) direction to a
maximum along the@112̄# (x8) direction according to the
dependence on cos2(u) as mentioned in Sec. IV A.

Note that the calculated ratioR1 5 2.30 for the 6°
2 @111#B misorientation is the same as that measured for
low-energy peak shown in Fig. 2, which is supportive of
assignment as a nonexcitonic or band-to-band transi
made in Ref. 22. For the high-energy peak, the effect
substrate misorientation has partially accounted for the
viation between the experimental results and the band
band transition model. The exciton effect, discussed in
next subsection, is primarily responsible for the differen
between the high- and low-energy peaks.

In general, the effect of the tilted substrate is relative
weak for the LH–CB and SO–CB transitions. For instan
considering a 6°2 @111#Bsamplewithudu 5 15 meV, we get
udR2 /R2u 5 4.3% for the LH–CB transition~which corre-
sponds to overestimatingh by 3% if R2 is used to determine
the degree of order without considering the substrate mis
entation!, and udR3 /R3u 5 8.4% for the SO–CB transition
compared withudR1 /R1u 5 23.3% for the HH–CB transition

D. Excitonic transitions

It is obvious that the band-to-band transition theory c
not produce the excitonic features12 in the absorption or PLE
spectrum. However, in this work, we are mainly interested
the polarization of the band-edge transitions, i.e., excito
transitions atkex 5 0 ~kex is the wave vector of the excitoni
state!. Thus, we would like to know how significantly th
formation of excitons can affect the polarization of the ban
edge transitions. The optical transition matrix element for
excitonic state atkex 5 0 is given by:30,31

Mex~kex50!5(
k
A~k!Mcv~k!, ~13!

whereMcv(k) 5 ^wc(k)ue–puwv(k)& is thematrix element for
the direct band-to-band transition,p is the momentum opera
tor, andA(k) 5 (k exp(2 ik–x)F1(x) is the Fourier trans-
form of the ground-state exciton wave functionF1(x).
A(k) is usually localized atk 5 0, which is the justification
for the effective mass approximation. If we assume t
M cv(k) is a smooth function ofk, then uMex(kex50)u2

'uMcv(0)u2uF1(0)u2, that is the polarization of an excitoni
transition is the same as that of the band-to-band transitio
k 5 0. Nevertheless, in general, the polarization of an ex
tonic transition is different from that of the related band-
band transition atk 5 0, because of the involvement of th
k Þ 0 states in the excitonic transition. Since in the band-
band transition model, we haveR1 . R2 for the two polariza-
tion ratios of most interest in experiments, we expect that
excitonic effect will cause a decrease inR1 and an increase
in R2 because of the mixing of wave functions fork Þ 0
states. There are two situations where we cannot apply
approximation:~1! Mcv(k) changes significantly in thek
region whereA(k) is not negligibly small; and~2! for certain
polarizationMcv(0) 5 0; for instance, along the ordering d
J. Appl. Phys., Vol. 81, No. 9, 1 May 1997
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rection @111# the HH–CB transition is forbidden accordin
to the band-to-band transition theory. If the excitonic effe
is taken into account, the transition becomes partially
lowed. A similar effect appears for some forbidden tran
tions in the@001# grown superlattices.31

The matrix elementMcv(k) is calculated by an eight
band k.p model.25 Figure 6 shows theMcv(k) of the
HH–CB transitions fork parallel to they8 andz8 directions
for a few typical polarizations. Note that even fork in the
plane perpendicular to the ordering direction,Mcv(k) is an-
isotropic and strongly depends on the relative orientation
tween thek ande. However, in the (x8y8z8) coordinate sys-
tem,A(k) is not a function of the azimuth angle, so one c
averageMcv(k) over the azimuth angle when evaluating E
~13!.

As has been shown previously, the CuPt orde
GaInP2 has an ellipsoidal band structure neark 5 0.25Within
the effective mass approximation, the exciton wave funct
can be written in the form of32

F1~x!5~a2bp!21/2 exp~2A~x21y2!/a21z2/b2!, ~14!

the exciton binding energy and parametersa and b are
obtained variationally with the above trial wav
function. A(k) is indeed fairly localized in k space
@A(0.02K0)/A(0) , 0.05,K0 5 2p/a0 , anda0 is the lattice
constant#, which ensures the validity of the effective ma
approximation.

With the obtainedMcv(k) andA(k), the matrix element
Mex(kex 5 0) for the excitonic transition has been calculat
according to Eq.~13!. As an example, assuming a typic
degree of order withudu 5 15 meV, the polarization ratios fo
the excitonic transitions isR1 5 2.80 for the HH–CB transi-
tion, compared to 3 from the band-to-band transition mod
Although in Fig. 6Mcv(k) shows a rather strongk depen-
dence in certaink directions, after averaging overk space,
the effect becomes less significant. However, it is a det
able effect. By including the excitonic effect, the transitio
intensity as well as the polarization ratio becomeh depen-
dent. We expect that the polarization ratioR1 decreases as
the HH–LH mixing increases with decreasing the degree
order. For instance,R1 5 2.66 forudu 5 10 meV(h 5 0.39)

FIG. 6. Transition matrix elementMcv(k) for the HH-CB transition as a
function of k for different polarizations.
6371Zhang et al.
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andR1 5 2.99 forudu 5 67 meV(h 5 1). An important exci-
tonic effect is that the HH–CB transition for the@111# po-
larization becomes allowed, though its intensity is still mo
than one order of magnitude weaker than that of the@110#
polarization. For instance, forudu 5 15 meV, the ratio
I 1(@110#)/I 1(@111#) 5 14. Furthermore, for the case of a 6
@111#Bmisoriented substrate andudu 5 15 meV, the polariza-
tion ratio R1 for the HH–CB transition becomes 2.20 wit
the excitonic effect taken into account. Forudu 5 10 meV,
R1 reduces to 2.1. On the other hand, the excitonic effect
the LH–CB transition is relatively weak, compared to t
HH–CB transition.

Table IV summarizes the effects of the substrate mis
entation and the excitonic transition for the HH–CB tran
tion with udu 5 15 meV. The value of 2.20 forR1 is in rea-
sonably good agreement with the experimental result sh
in Fig. 2, which gives a somewhat lower average value
1.9. One possible reason for the deviation is that the exc
localization due to various fluctuations~compositions, degree
of order, domain size, and short-range ordering33! could
cause stronger HH–LH mixing, and consequently a low
ratioR1 . It is also possible that our model for calculating t
exciton states is oversimplified. Roughly speaking, the el
soidal dispersions are accurate only within a range ofuku
, k0 corresponding to an energy range comparable toudu
above thek 5 0 states. Thek Þ 0 states that contribute sig
nificantly to the excitonic transition are in a range ofks
; 2p/a or 2p/b. For the ellipsoidal dispersion to be a goo
approximation, we have assumedks , k0 or the HH–LH
splitting to be significantly larger than the exciton bindin
energy. However, for the currently available samples, t
condition is not always well satisfied~for udu 5 15 meV, the
HH–LH splitting is 25 meV and the exciton binding energ
is about 6 meV8!. A more rigorous treatment for the excito
states would be a six-band model,34 which is expected to
yield stronger HH–LH coupling, thus lower ratioR1 , espe-
cially for relatively weak ordering.

Also, we have ignored the effect of the exchan
interaction.24,35 Briefly, the exchange interaction greatly a
fect the transition intensity when the ordering is very we
i.e., in the cases ofudu ; J, whereJ is the exchange interac
tion constant~typically J , 1 meV!. When the ordering effec
is relatively strong such thatudu @ J, the exchange interactio
mainly causes a splitting of the exciton state derived fr
the LH state with a splitting; J. The low and high energy
states are dipole allowed for the polarization perpendicu
and parallel to the ordering direction, respectively.36

TABLE IV. Effects of substrate misorientation and excitonic transitions
the polarization ratios.

I (@ 1̄10#)/I (@110#) I (@110#)/I (@111#)

0° band–band 3.00 `
exciton 2.80 14

6°@111#B band–band 2.30 40
exciton 2.20 11
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E. Discussions

According to the above analyses, for the frequently m
sured polarization ratios between the@1̄10# and @110# direc-
tions, the strain effect for the HH–CB transition is wea
whenx , x0 , strong whenx . x0 , and strong for the LH–CB
transition; the effect of the substrate misorientation is stro
for the HH–CB transition but weak for the LH–CB trans
tion; finally the excitonic effect is significant for the HH–C
transition but weak for the LH–CB transition. Thus, if th
strain due to the lattice mismatch can be avoided, the po
ization dependence of the LH–CB transition will be the b
candidate for probing the degree of order by absorption
luminescence measurements.

On the other hand, in photoreflectance relat
measurements13–15,17both the real and imaginary parts of th
dielectric function contribute to the measured properties
the vicinity of the band-gap energy, the imaginary part of t
dielectric constant is mainly determined by the propert
~transition matrix element, reduced masses, etc.! at the band
gap, but the real part of the dielectric constant is associa
to the relevant properties of all the nearby bands.37 For the
polarization difference of the photoreflectance near the ba
gap energyEg , the major contribution is from the differenc
in the real part.14,18 Thus, reflectance difference is related
not only the transition intensityI 1 but also the transition
intensitiesI 2 and I 3 . If reflectance related techniques are
be used for probing the degree of order,2,14,18 all three ef-
fects: strain, substrate misorientation and excitonic tran
tion, must be accounted for simultaneously.

V. SUMMARY AND CONCLUSIONS

We have performed a quantitative investigation of t
optical polarization in CuPt-ordered zinc-blende semico
ductors, both experimentally and theoretically. Within e
perimental uncertainty, the polarization ratio of the HH–C
transition is independent of the degree of order, although
theory predicts a weak dependence. The experimental re
can be described fairly well by the quasicubic model. An
lytical formulas are given for calculating transition matr
elements with arbitrary polarization and degree of order.
general, to obtain quantitative information about orderi
from optical polarization measurements, the following e
fects should be considered:~1! strain caused by lattice mis
match,~2! substrate misorientation,~3! excitonic transition.
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